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Abstract

Heat pollution in w ban envir onments acceler ates air pollution which in turn can enhance
heat pollution.  In cities, solar radiation is more cffectively absorbed than in rural
surroundings by large, dark, man-made sulf’aces (streets, parking lots, airportaprons and
runways, roofs,railroad vards, ¢tc.) andstored inheat-retaining structures for delayed re-
emissioninthe infrared (IR). These heat enhancers are caled passive anthropogenic beat
sources. Active anthro pogenic heat sources (waste heat from air conditioning, power plant
cooling towers, engines, €tc. ) addto the stored IR emissions from the ground. Enhanced
IR emissions from the ground and convective an d advective flows of air in contact with
hot surfaces cause temperaturcs in cities to rise relative to surrounding rural arcas.
Collectively, these phenomena arc called “urbanheatisland ([1111) effect.’

Anthropogenic activity al so causes chemical emissions (hydrocarbons, sutfur
compounds, NO, compounds, acrosols, etc. ) inthe atmosphere. Solar ultraviolet ([IV)
radiation dissociates andionizesaitpollutants. Theresulting radical s andionsundergo
chemical reactions in the atmosphere, producing many new species and enhancing naturally
existing species (11,0, CH,, CO,, ec.). The rates of chemicalreactions withlow  activation
energy barriers and the formation of acrosols arc enhanced by rising, temperatures. Many
of these species, including acrosols, absorb and rc-emit radiation in the IR. ‘Thus, beat
radiation is trapped by urban air and creates a positive feedback onthe beat island effect
and on chemical polluti ion. We describe the reciprocity of these cfl’ eels. the sensitivity of
heating rates of the local atmesphere due to anthropogenic trace gases, acrosols, and
ground al bedo variations, and sugg est poten tial countermeasures.



1. Introduction and definitions

The world’s rapidly increasing porulstion noses serinns nrobhlems 1o 1he
climate. 1t is well known _ﬁ: the _E:::m_ of fossil fuels leads to an
inercase of atmospheric CO, that, like a greenhouse, is thought to trap
infrared (IR) radiation and causes a slow but steady global warming
However, anthropogenic activity has an ¢ven more immediate effect on the
urban microclimate by steadily increasing temperatures in cities relative 1o
the surrounding rural arcas. The rising temperatures result C:Ho_ dircctly
from human activity (active anthropogenic heat sources), such as heating of
homes and work spaces and waste heat from air conditioning, engines, and
cooling towers, or indircctly through changes in land use (inactive
anthropogenic activity), such as pavements, buildings, and railroad yards
that absorb and retain more of the Sun’s light and re-emit it as heat. The
urban  temperature  excess  above rural  values and attributable (o

anthropogenic activity |

is called the urban heat island (UHI) effect. The
UHL is of particutar concern today as cities grow into megalopolises that
have a major impact on regional climate. 7\_om_,£:.9:9:m indicate that the
UIHI effect is growing in cities world-wide. Thus, it may be an important
contributor to the perceived global warming. While there is no doubt about
the incicasing amounts of €6, in the atimosphere. inest temperature
measurements are made at weather stations located at airports that arc
notorious heat islands. Thus, the question arises about the significance of
these measurements in relation to global warming.

Rising temperatures in cities can also adversely influence air
pollution.  Ozone production is a major health concern. Thus, increasing
population and the tendency of rapidly growing and expanding citics create
a dilemma: We have the means to determine trends but the freedom to
ignore predictions, we can sce further than we are willing to act,
Ultimately the uncontrolled expansion of citics will have to be restrained
and city planning will become a major issue. Yet, now is the time to plan
and deliberate the changes that an increasing population will demand.,
Clearly, the UHI effeet is an important issuc to consider

‘The UL effect is also important to demand-side power management
of clectric utilities.  I'or example, a city in the south of the USA,
consuming typically 800 MW of power on a moderately cool day, may
nced 3 GW during periods of peak demand on a hot day. On summer days
when temperatures are above 21°C, cach 1°C increase requires an additional
110 MW of power.  Most of the additional power is used for air
conditioning.  Since most of the additional power ends up as heat in the
city, it contributes to the active anthropogenic heat sources.




Carsnot only produce air polhuting gases, but also hecat. 1 .¢ss than
15% of theenergy content of gasoline goes into moving a car: over 60%
are enoi nelosses. The rest of the energy goes into braking. driveline.
rolling, standby, acre. and accessory losses. Most of thelosses arc again
active anthropogenic beat sources.  Additionally, cars pollute the air
chemically. Repulations to reduce air pollution are being enforced or
cncouraged by government entities, For example. in Texas, astate rich on
natural gas sources, government vehicles arc being converted to use natural
gas. 1 lowever, decisions about the usc of gasoline versus natural gas. or
cthanol versus methanol as oxvgen-bearing gasoline additives have not yet
been made.

2. lHistorical sketeh

2.1 The urban heat island

The fact that cities produce a hcat island in the surrounding thermal
environment has been observed for over a century. Garstang ef al. (1975)
reviewed work on heat islands prior to 1975 and considered four main
categories for their study: statistical, energy flux balance. turbulent mixing,
and dynaimic modet s, We discuss thesemodels briefly to piac e curi et
work in its historical context. All models arc cither hydrodynamic
representations (advection and convection) with assumed atmospheric
temperature p rofiles, or radiative representatio ns with an approximation for
advection.  Some models include chemistry.  The reader is referred to
Garstang ¢l «l. (1975 ) and to Bennett and Saab (1982) for extensive r eviews
of heatisland studics and the heatisland as it pertains to pollution dispersal.

The causes for Ulls include: (1) active anthrop ogenic heat sources;
(2) clevated heat capacity and reduced surface albedo of buildings and
paving materials relative to that of rural soil: (3) reduction in surface wind
Speed duc to sill'face roughness (structures, such as buildings); and (4)
reduced moisture available for evapo-transpiration. Bascdon modeling by
Atwater (1972), Yuand Wagner (1975), Torrance and Shum (1976), and
Welcher al. (1978), the factors inorder of relative importance are: active
anthropogenic beating, surface roug hness, heat storage capacity, and
availability of moisturc. Myrup (] 969) concluded that active anthropogenic
beating was notan important contribution, but that it varies from city to
city. It may be more important in citics where air-conditi oning or heating
of buildings is a large factor. Models disagree on the importance of heat
retention, mainly because of the uncertainties in the value of the average
heat capacity of the city surface, and because models have assumed plane
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parallel gcometry. ‘Terjung and 1 .ouis ( 1971) concluded that high-rise urban
structures can absorb more than six times the radiation of rural plains.
Snelman 1060\ fonnd that cirface heating i« more important than surface
roughness, but that surfaccroughness becomes increasingly more important
as wind speed inert’ascs above S m/s and a turbulent boundary layer traps
heat near the ground.

Ancarly attempt at numerical modeling of the urban beat island
was that of Myrup (1969). The cnergy flux balance models conceived by
Myrup were based on quasi-o] ic-dimensionalsoil - air columns in which the
net radiation at the surface and active anthropogenic heating arc balanced
with latent heat of vaporization, scnsible heat {lux into the atmosphere and
soil. and possibly advection from neighboring columns.  If /7 is the net
radiative flux. then

oAl LG A (1)

where /7 is the transfer of scnsible heat. /. the cnergy of cvapo-
transpiration, (¢ the nct storage of heat. A4 the advectionof energy 1o the
adjacent environment, and / an internal heat source. The internal (active
anthropogenic) source of heal ontheleft side of the cquationand the
advection sink were neplected iy vy wedp o (1969) moodel. The fluxes of
latent heat and sensible heat were treated interms of diffusion equations.
The net radiative flux was given in terms of the solar flux at a given
latitude (with the solar declination and hour angle as variables). the mean
atmospheric transmission, and mean surface al bedo. ‘1 'he latent heat flux
is parameterizedinterms of the relative humidity, which was interpreted as
a function of the fraction of the total arca occupied by transpiring plants.
The vertica distributions of wind speed, temperature, and specific  humidity
were assumed to vary logarithmically. All caculations were made for clear
skics and no consideration was given to active anthropogenic sources of
heat, such as combustion. in spite of the simplifications, the results were
both qualitatively and quantitatively reasonable.  Myrup concluded that a
20% green area is a critical value needed to mitigate the Ul 11 cf feet.

Loifferencesamong models arise because of differences in estimated
heat capacity of’ the urban soil and suiface, estimates of the available
moisture and relative humidity, and treatment Of advection. The effect of
humidity and its relationship onevaporative flux was examined by Adebayo
(1991).

Radiative transfer models differin complexity.  Yoshi da and
Kunitomo ( 1986) included radiative beating of the atmosphere by gascs
(1170, CO,, O,)and acrosols and considered active anthropogenic heat




sources.  They inv cestigated the cffects of  ground al bedo.acti’C
anthropogenic  heat release,  ground  emittance.  cvaporation,  surface
ronghness thermal diffusivity and heat canacity of the ground. and size
(oistributions Ol acrosols. They conclude that anincreasein al parameters
increases the surface temperature of urban areas by night. In the daytime
the surfacc roughness and acrosols decrcase surface temperature in urban
arcas.  Consistent with Ibis. Balling and Brazel (1986) found from
mcasurements that the nighttime temperature in Phoenix at 02:00 1,8 1°
increased by an average of about 4.5°¢ from 1948 to 1984 and Junc’s
nighttime temperature rose by more than 5.5°C. Radiative modcls predict
larger d ifferences between urban and rural are as in winter and at night than
in summer andinthe daytime, respectively.

2.2 Air pollution as itapplies to the urban heatisland effect

Gascous and acrosol pol lutants are largely ignored in UHI studies but were
recently shown to be important in energy {lux balance models. Also. in al]
energy {lux balance models known 1o the authors. clouds are ignored. Olfe
and 1 .ce (1971) justified neglecting radiative cooling by pollutants by citing,
Atwater’s calculations, concluding that elevated inversions would only
provide substantial cocling if their residesnce times were long. For 5 mean
velocity of 3 m/s, theresidence time of’s pollutant over a city is aboutan
hour; therefore radiative cooling is important only for stagnant conditions.
Radiative heating and cooling by pollutants is importantfor major urban
centers with basins, such as 1.0s Angeles and Mexico City.

Atwater (1971) showed that urban pollution produces an clevated
inversion that acts to inhibit the escape of pollutants. 1le used transmission
functions for acrosols computed from Mic theory at a wavelen gth A = 0.483
tun,and a concentration of particles observed over Minneapolis.  The
models for IR transmission of” the atmosphere assumed only water vapor
and carbon dioxide. Since the surface temperature was pre-specified, the
acrosols could only change th ¢ verti cal temperat ure structure. B ecause the
model neglects advection, it is strictly realistic for nonadvective, stable
cases, which occur most oftenat night.  Thestrongest cfiteels occur for
calm conditions. Infrared radiation by the polluted layer leads toan
intensification of the heatisland by night, butatichuation of solar radiation
weakens the heat island during, the day. Air pollution effects also weaken
the wind, lcading toanintensification of pollution concentration.
Subsequent work on the radiative cffects of pollution by Bergstrom and
Viskanta (1973) and Zdunkowski ¢r a/. (1976) show that IR from the
heated acrosollayer will increase the heatisland in the early morning, but




the reflection o f  solar radiation by the acrosol layer will decrease the
magnitude of the heal island by day, The relative effects of heating in the
1 R andeoolinginthe visible are sensitive to the optical properties of the
pollutants. More recent work by Bennettand Saab (1982) concentrates on
pollutant dispersal.

in additionto aerosol pollutants. gascous pollutants produce
important radiative forcing |Gurney eral. (1988)]1. Changes in tropospheric
ozonc mixing can produce positive radiative forcing comparable in
magnitude to that caused by other greenhouse gases [l.acis ¢f al. (1990)].
‘The increase in tropospheric ozone 1s believed to be caused by increases in
precursor molccules, such as (O, NO, and hydrocarbons, which also tire
pollutants. The wvertical distribution of ozone i1s available for the
stratosphere from satellites, but for the troposphereitis only available {rom
ozone-sonde data.

The effect of pollutants on the surface temperature will depend on
their absorption and scattering propertics. ‘1’0 the extent that the pollutants
absorb and scatter visible radiation, the daytime surface temperature will be
decrcased relative to that with cleat skies. However, at night, IR radiation
by the polluted layer may act to increase the urban surface temperature
relative to thatin the surrounding rural environment.  Thermal radiation by
pollutants may leadtean intensification of the UHIby as muchas 30°%in
the early morning hours [Venkatram and Viskanta (19706)].

Brazel et al. (1988) analyzed a long-term database of smoke and
haze formation in the rapidly growing city of Phocnix, Arizona. They
found no change in the frequency and intensity of smoke and haze
conditions with population incrcase, buta significant increase in duration
of such events when they compared the period from 1949 1o 1966 with the
period from 1967 to 1985. From the analysis of the data they concluded
that the incrcased smoke and havze duration is related to the impact the
growing Ul has on the structurc of the local inversion layers. They
suggested a link between urban-i induced temperature and wind changes and
air quality levelsinrapidly growing metropolitan areas.

3. Relevance to climate change

A's discussed by Garstang, ef of. (1975), cities begin to exert a major
mo dification on airflow in t h e boundary layer as they_grow into
megalopolises.  Major urban megalopolises such as .08 Angeles and the
castern secaboard of the USA alrcady exert major regional influences. The
radiative forcing due to ozone, which is decrcasing in the stratosphere and
increasing mthe lower troposphere because of urban air pollution, is
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alrcady comparable toincreasesin other greenhouse gases | Wang e¢f al.
( 1993)]. Thus. the effeets of urban air pollution arc globalin extent.

Meacnrements indicate thai the 11011 effects and the amounts of CO,
i n the atmosphere are increasing world-wide. While there is no doubt about
the increasing amounts of CO),, most temperature measurements are made
atairport weather stations.  llowcever, airports arc notorious heal islands.
Thus. predictions of global warming basal on temperature measurements
must be viewed with great care.

Charlson ef al. (1992) found that tropospheric acrosols and in
particular anthropogenic sulfate acrosols contribute substantially to radiative
forcing, Short-wavelength solar radiation and modification ofshor[-wave
reflective properties of clouds by sulfate acrosol particles increase planctary
albedo, thereby cxerting a cooling, influence on the planet. The globally
averaged climate forcing duc to anthropogenic sulfate is estimatedtobe -1
to -2 W/m’. This perturbation is comparable in magnitude to current
anthropoge nic greenhouse gas forcing but opposite insign. ‘s, the
acrosolforcing has likely offset global greenhouse warming to a substantial]
degree. However, d ifferences in geographi cal and seasonal distributions of
these forcings preclude any simple compensation. Aerosol cffects must be
taken into account in evaluating anthropogenic influences on the climate
and in fvrulating policy reearding controls on emission of greenhousce
gases and sulfur dioxide. Resolution of such policy issues requires
integrated rescarch on the magnitude and geographical distribution of
acrosol climate foreing and on the controlling chemicaland physical
Processes.

4. Measurements of heat pollution

The main techniques that have been used to measure the urban heat excess
arc temperature comparisons from urban and rural metcorological stations,
the auto-traverse method, and remote sensing by aircraft and satellites in the
thermal infrared. The problem with using meteorological data to quantify
the Ul effect is to determine whether the local measurements arc
representative of the entire area and to correct for altitude differences of the
weather stations. Because the auto-traverse method is confined to roads, the
temperature measurements arc representative of the sub-rooftop level, which
will be cooler than the satellite-deri ved temperatures. In addition, it may
take several hours to traverse a city by car, so that temporal corrections are
required. Both 11CMM (Heat Capacity Mapping Mission) and AVIIRR
(Advanced Very 1 ligh Resolution Radiometer) data have been employed in
studies of the Ulll by Henry ef al. (1989) and Gallo ¢f al. (1993),



respectively. The AV111<1{ data have a spatial resolution of 1.1 kmat nadir.
compared with 600 m for the i ICMM. 1 Ienry ¢f al.claimthat the increased
spatial resolution and overpass times of the I ICMM. carly atternoon for
low- latitude sites, make this data more uscful for heat island studics than
AV1 IRR.] lenry ef al.concludedthat although the auto-traverse, AV111<1<,
and 1HC MM techniques produced similar patterns, the absolute values of “the
measured heat island varied widely.  1n one example, tile pre-dawn value
of the heatisland derived fromthe satellite data was 9°C. while that from
the auto-traverse method was 3°C. These differences may be a result of
measurements at di {ferent dates and times, although the meteorological
conditions, in particular wind speed, were similar. 1 lenry ef al. attribute the
difference to the height at which measurements arc obtained:  the auto
traverse mcthod measures sub-rooftop temperatures, whereas the satellite
data arc representative of the radiatively active surface that may be al or
above tile rooftop.

Theresults of Gallo (07 «af. (1993) she\\"c(i that th¢ amount of
variation inA7,;, (urban 7; minus rural 7, ;) cxplained by the satellite
data, either interms of surlace temperature or vegetation index, was only
22%for al weather stations or 440/0 for weather stations exhibiting less
than 500 m elevation difference.  Althoughthose cities with the greatest
contrast i green vegetation be twedsi erban and rural envivonments had the
greatest contrast in A7, there was much scatter in the data when A7,
(measured at weather stations) was plottedagainst A7, ... (imcasured by tile
satellite).  llowever, Garstang ef al. (1975) point out that significantly
different urban heat excesses may be mecasured for the same locale on
different days for which meteorological conditions arc similar. A similar
study was carried out by Caselles er al. (1991) using ground temperature
measurements and NOAA satellite data.  The study of the effects of urban
air pollution on the atmospheric heat budget has implications for our
understanding of both weather (i.e. shorti-termlocal effects) and climate
(long-term global cffects).

in
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5. Modecels
5.1 Statistical models

Many carly attempts to describe the Ul phenomenon were statistical.
Statistical modclsindicate the sensitivity of the heat island to various
parameters, notneccessarily those physically responsible for the underlying
cause. I'or example, Sundborg (1950) related the strength of the heat island
to cloudiness, wind speed., temperature, andwater vapor pressure. lThe



regression parameters for his fitdifferedfor nightand dav solutions. ( )k
( 1 973) paramcterized the urban - rural temperature di{ference interm s of
eitv sivel ndwip and Kealoha (1968) relate the magnitude of a Ut 11 1o
both city size andupwindrural lapse 1ate; and Summers (1905) relates
potential temperature differenceto city size. heat released from the city
surface, air density, and upwind rural wind speed. lle showed that the
maximum heatisland effect as afunction of city size was di {lerent for
North American and Furopean cities, indicating that other parameters, such
as passive and active anthropogenic beat gencration, were responsible. Oke
and Hannell (1970) suggested that the critical value of the wind sped
above which the beat island will not {orm is given by

U

crit

- 3.4 Jog I’ - 11.6, (2)

where /2 is population and {/ is velocity inm/s.  Sbca and Auer (1978)
derived a linear dependence between heatisland intensity and wind speed.

5.2 Encrgy flux balance

I'or convenience, solar and terrestrial radiation are scparated at o
waveitngkn A= 4 on, into the dort-wave and the fong-wave portions of
the spectrum.  in the shml-wave portion, the source is tbc direct solar
radiation andscattering is important by gases. clouds, and acrosols. In the
long-wave region, the sources arc thermal radiation from the surface and
isotropic 1R emission from the atmosphere.  Rayleigh scattering is
neglected, only first-order scattering by acrosols and cloud particles is
importantin the IR. ThelR radiation is trapped by airand pollutants.
particularly by aerosols, which may form an inversion layer over a city.
The surface (ground plus structures) boundary condition is determined from
the power balance of solar radiation reaching the surface, conductioninto
the surface, hcat storage below the surface, anti rc-emission from the
Sill'face.  The coefficients for albedo, IR emissivity, heat capacity, and
conduction play amajor role in this determination.  Parameterized standard
values of active anthropogenic heat sources have’ to be added tothe
boundary conditions.

Solar UV radiation dissociates andionizes atmospheric  constituents
and pollutants, creating many highly reactive species with absorption and
cemi ssion bands in the IR region of the spectrum.  For example, all
hydrocarbons absorb and emit in the & ~ . 3.4 punspectral region because Of
their C-11stretch bonds. The CH, and CH, (information bonds absorb and
cmit at A & 7.1 um.  While water vapor (humidity) inhibits the transfer of
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1 R radiation, scveral pollutants andin particular acrosols block the high
transmission “windows™ left open between the water absorption bands.
) hie chemical nollntante and acrosols in temperatare inversion lavers can
be very effective additional sources intrappingl R radiation.

1n general, for radiative flux calculations, the atmosphere is assumed
to be horizontally homogencous.  With this assumption, the heating rate is
related tothe vertical gradient of the flux

d1(z)d-|gle | 11172) 121'2) | (:3)

w h e w 7(z)is the temperature at height 7, g the Barth™s gravitational
constant. ¢, the heat capacity at constant pressure. /’(z) the local pressure.
and /(z) = 1-'(z) - 1*(7) the nct radiative flux. The net flux is the sumof
the net short-wave and the net long -wave fluxes, which arc calculated
separately. lleating occurs because of absorption of short-wave radiation.
while cooling occurs because of the divergence of the net long-wave
radiation. in radiative s(cady-state. thcaveraged flux divergence is zero.
However, heat may beconvectedor carried by latent heat of vaporization,
and a complcte mode] must include these terms.

in the visible, because both Rayleigh scattering and scattering by
acrosols and clou ds wre important, the radiation transfer must include
multiple scattering.  Once method developed and thoroughly tested is the
discrete ordinates method, i.e. an n-stream approximation |Stamnes ef al.
(1988) Tsay et al. (1990)]. The physical processes include thermal
emission, scatlering, absorption, and bi-dircctionalreflectionat the lower
boundary. Active anthro pogenic heat sources may be included as well. I'or
computational cfficiency, parameterization of gascous absorption is required
when caleulating radiation transfer including scattering. Onc such method
is exponential sum fitting of’ transmissions.  Happroximates transmission
functions ofa given spectral region by a finite sumof exponentialterms

Tue )+ Y wy exp(-ba) (4

where 7}, 1s the band transmission, # the absorber amount (column mass per
unit area), h;the equivalent absorption cocfficient (cross scction per unit
mass) inthei® wavenumber interval, andw, the w’eight of thei" interval
[Tsay ef al. (1990)]. This method is also employed for the band model of
water vapor lincs in the IR. Because the exponential terms behave  exactly
like monochromatic optical depths, they arc easily incorporatedinto
multiple scattering schemes, although pseudo-grey continuum  absorption
coefficients must be included to treat the overlap from absorbing, gases.
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The sets Of coctlicients, b, andy, for gascous transmission by 11,0, CO,.
O, and O, have becen obtained by fitting the 1 .OWTRAN [low-resolution
transmission Kneizyger gl (1 0KV funetione with 20 em aneetral infervals
| Wiscomb (1 977) Slingo and Schrecker (1982) Wiscomb and Fvans
( 1985)’'1. Narrow-bandmodcls (resolution < 100 ¢m ' )yand other broad-band
modcls (resolution > 100 em™) arc available. 1ligh-resolution absorption
coclficients are available in the HI'TRAN database, but line-t~\"-linc
calculations ar¢ usually not carried out.l.ow-resolution models have been
compared with high-resolution line-by-line computations for the ICRCCM
project (World Metcorological Organization, 1984). Some low-resolution
modecls compared favorably with li]Jlc-t)y-line results for standard models.
The solar spectrum measured by ©abs and Neckel (1968) and Neckel and
labs (1984)is often used for input.

The most important atinospheric radiators for IR cooling are water
vapor, carbon dioxide. and ozone. (Ixygen is aminor absorber, Because
spectral line-tl}~litlc calculations arc computer intensive, computations are
generally carried out with parameterized models. However, in the presence
of clouds or acrosols. the IR flux is in fluenced by scattering as well as
gaseous transmittance. Ior the IR, only fjrst-order scattering must be
considered.  'The model of Ellingson  and Serafino (1 984) can beusedto
compute correcy onw msfor ~irs[-order scaitcring by acrosolsof given
optical depth for partly cloudy or hazy atmospheres and the mode] of
Ellingson and Gille (1978) can be used for clear sky flux calculations. The
net flux may be obtained by summing relatively  few bands.
>arameterizations currently used inthe General (Circulation Models (GMCs)
arc those of Chou (1 984) for the transmittance of water vapor, Chouand
I'en;, (1 983) forcarbon dioxide, andRodgers (1968) for ozone. T'he water
vapor continuum from the far wings of spectral lines and from water dimers
was parameterized by Chou and Arking (1980, 1981).

I'lux calculations inthe IR are straightforward for clear atmospheres.
because the source is simply the Planck blackbody radiation, 73.(7), and
Rayleigh scattering canbeneglected.  'The monochromatic {lux is

[t
(1) = 2 BUT) (et 120 | BT S (-0 de . (9)
J1,

where /7, and /<, arc the second and third exponential integrals, respectively.
1 Jowever, in the presence of clouds and acrosols, the 1 R flux isin fluenced
by scattering and gascous transmittance.
With the addition of acrosolsorclouds. the net {luxinto the surface
troposphere region can either increase or decrease, depending on the
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acrosol propertics and their ve 1 tical profile. For nonconservative scat tering,
the sill’faccC always loses some solar flux. Although the long-wave effect of
aerosoleicexnected in he onlv about 30% of thatin the visible. ii mav be
significant.  1Hingson and Serafino (1 984) concluded that the rate of
temperature rise duc to Saharan aerosols was d7/dr =1 °C/day for a1 23 mb
layer containing most of thcacrosols, comparable to the clear tropical sky
heating, ducto water vapor absorption of ().5 km. Radiative heating rates
for acrosols may be Icss than 0.2°C/day at the same time forcing convective
heating, rates twicc as great, accompanied by changesin vertical velocities
(Ramaswamy, 1 988).Bccause there is some cancellation between radiative
cooling and convective heating, it is importantto consider convective heat
transfer as wel I. Theradiative - convective response may be evaluated by
parameterizing the convective response as a diffusive process | Ramaswamy
and Kichl (1 985)]. in general, dynamical cooling duc to uplift is small and
can be neglected.  The effect of the hydrological cycle is obviously
importantin the tropics. but need not necessarily be considered for mid-
latitude urban sites.  Moisture related effects can only be properly
considered with three-dimenstonal models.

The d'feel of cloudson radiative transfer is an active arca of current
rescarch. Recently it has been shown that the transfer of visible radiation
drovgh clouds depends on Smatl-scale stuctwithin the clouds. This
irregularity canbe handled by stochastic radiative transfer mcthods|ivans,
(1993) Malvagieral. (1 993)], however, these approaches arc very computer
intensive. A paramcterization of multiple scattering through a part ly cloudy
atmosphere is being, attempted by Malvagieral. (1993). 1'he effectof
broken cloudiness on 1 R radiative transfer has been studied by Killen and
Fllingson (1 994).

Acrosols arc often characterized by their radiative propertics as
watcr soluble, soot, sulfuric, dust-like.and maritime. or as urban.
continental, and maritime. The single-scattering albedo and asymmetry
parameters of these had categorics have been studied by various
rescarchers [Carlson and Cavertly (1977) Carlson and Benjamin (1980) Rao
et al. (1988) Ackerman (1988)]. Single scattering albedos and asymmetry
parameters for desertacrosols arc given by FLongtin (1988). Volcanic and
arctic, acrosols have been extensively studied because of their potentially
Jarge impact on climate. Maritime aerosols arc routinely mapped by the
AVIHRR satellite, and desert aerosols were studied during, the MONEX
Campaign. However, urban and continental aerosols ate ot retrieved hy
Farth-orbiting satellites because the ground albedo under the optical path
is unknown, whereas the a bedo of the oceans is well-known and dots not
change with seasons. Ice and snow covered regions are also avoided for
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satellite retricval becausce of problems over arcas with high ground albedo
and confusion between snow cover and cloud cover.

5.3 Turbulent mixing

Partitioning of the radiative surplus or deficit between the soil and air
depends onthe level of turbulent activity, and the partitioming of turbulent
transport of hcatto the air betweenthe sensible andlatent forms depends
on the availability of moisture.  The ratio of heat transport between the
sensible and latent forms is called Bowen's ratio, 3. Typical rural val ucs
of Barcinthe range 0.4 to ().8. 1f the surfacc is wet and the evaporation
is al the potential rate, the value Of 3 is about 0.3, but 3 may be 1.5 or
grcater for dry conditions.  Moisture availability is therefore the primary
criterion indctermining the type of heat transport. Advection may increase
transport by latent heat above the potential rate. On the other hand. paved
areas. buildings. and deserts are characterizedby a lack of latent heat flux.
In the "urban canyon’ composed Ofa paved surface with buildings ontwo
sides, the turbulent transport of heat intothe ar is almost entirely by
sensible heat. When turbulence is suppressed. the heating can be described
as the divergence of the radiative 1lux

ot1/or = (1pe,)-ol'loz . (0)

This sometimes holds at night, especially in a stagnant urban canyon. In
gencral, however, turbulence is cnhancedover cities because of the large-
scale roughness.

in the presence of turbulence. the variation of potential temperature,
O, with heightcanbe described by a conservation equation

d0/dr= 60/ot 4 v-VO = o(K,,00/02)/0z 1+ 2., . (7)
where K,,00/0z is the flux of scnsible heat, the eddy diffusivity, A’, is
commonly derived from mixing length theory, and the S, arc other sources
such as latent heat, radiant, and active anthropogenic sources. The
diffusivity can also be derived from turbulent transfer modecls or by
consideration of local stability. Apparently the choice of diffusivity profile.
K,,(2), is not critical to determining the profilc of potential temperature.

The prediction of surface temperature is obtained by considering the
cnergy rate (power) balance between visible plus atmospheric radiation {lux
plus artificial heat sources atthesurface,and reradiation from the ground
plus latent and sensible heat fluxes (smilar toeq. 1)
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VOKABTT 7). (8)
where the subscripts - anti - mean that the gradient is cvaluated above and
below the surface. respectively. The other, previously undefined. symbols
mean: K theheat diffusively coefficient of the soil;l\’q, the diffusivity
cocfficientfor humidity: K;,, the hcat diffusivity for the atmosphere: /.. the
latent heat of water; (', the heat capacity Of the soil: dg/dz. the humidity
gradient; o the ground albedo; /7 the visible, incident radiation flux; 7,
the 11< radiationflux al the surl’ace; and f. internal (active anthropogenic)
heat sources.

5.4 Dynamical I1)()(1IC1S

Dynamical models solve the ecquations for the flow and temperature
perturbations around a heat island using conscrvation of mass. momentum,
and cnergy, the equation Of state, the Navier-Stokes equation for the
motion, and thermodynamics. Typically, diabatic heating is introduced at
the surface [cf. Olfe and@.ce (1971)]. Dvnamic models geacerally solve the
advec tion - diffusion cquatic ns usig {inite difference schemes, although
simplificd models have been solved analytically [cf. Baik (1992)]. These
modecls assume that the di fferences between urban and rural net radiati on
are neglig ible, and that heat transfer is solely through sensible heat flux.
Olfc and1.ec (1971) assumed that the surface temperature perturbatio n was
prescribed by a sinusoidal function;in addition to using a sinusoidal heating
function Richiardone and Brusasca ( 1 989) used an empirical form of the
horizontal healing function. l‘orcing may be introduced |cf. Richiardone
and Brusasca (1 989)] by means of a buoyancy flux, B(x.z.0), related to tile
sensible heat flux by

B(x,z.) = H(x,z.0)/(0pe,) (9

'The thermodynamic potential temperature perturbation, O(x,z.r), is writlen
in terms of a buoyancy flux

dbldi + N2w = -dBldz . (10)
where

b= g 10(x.z,0) - 0(x,z,0]/0(x, 0.0) = dp’/dz . (11)
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H(x.0.r) is the heat flux at the ground at time., 7. p° the perturbation
pressure, N the Brunt-Vaisala frequency, w the vertical wind speed. and ¢
the Harth’s gravitational conctant. The eoncible heat i ascanmed 1o he

separable of the form

YICY,ZA) v A Bx) Cleu) (12)

where ('(z.7) deercases from a value of 1 at the ground to zero at the top.
and is derived from

TI(x.0.0) Atl(pe,) = ¥, A0, Az | (13)

The potential temperature curve near the ground is computed in a way that
forces constant potential temperature to height, z. Then the heating above
level 7 must satisfy

2 A0 /2 AO - Ck-1, Azt (14)

Baik (1992) solved an equivalent thermodynamic energy equation
by introducing a heating function. g, given by

q(x,2) = ¢, J(x) g(z) , (15)

where ¢, is the amplitude of the healing function, f(x) is a Gaussian
function, and g(z) is alincarly decrcasing function of z.

his equivalent thermodynamic equation is given in terms of
potential temperature perturbation, O. as

(JoI(/t A N wilg=0, gle, T,) (16)

where 7, isthe basic Slate temperature.

Richiardone and Brusasca (1989) concluded that the atmospheric
stability ant] the ratio between urban and rural sensible beat fluxes at the
ground arc the most important factors influencing urban circulation, kinetic
energy production, and heal island intensity.

Results show a convective cell centered on e heat island with
subsidence in the surrounding country with potential temperature anom alics
following the city outlinc. When winds arc included in the mode] [Baik
(1992)] the dynamical models show that the region of upward motion is
displaced downwind of the heat island with downward motion over the beat
island itself.  The displaced convection cell enhances precipitation
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downwind of the beat island. Baik’s mode] was able to produce bands of
positive and negative vclocity perturbations, descending motion over the
heat iskand and ascendine motion on the downstream side.

Inmore realistic models, heat is transported from the surface to the
atmosphere by turbulent thermal diffusion processes. Models including
detailed boundaryv-layer ph)’'sits arc the three-dimensional mesoscale model
of Hjelmfelt (1982) simulating the effects of the city on boundary-layer
airflow, and the two-dimensional mesoscale model of Byun (1987)
simulating the urban mixed layer. Tso et al. (1991) showedthatby
introducing simphfying assumptions in the surface energy balance equation.
ananalytic solution could be found. Analytical solutions arc faster and
simpler than numerical solutions and can often provide greater insightinto
the problem.  They found that their analytical results forsurface
temperature were within 2.30/0 of numerical results, the difference in
magnitude being only about 0.5°C at the maximum.

5.5 Chemical air pollution models

Inaddition to normal atmospheric constituents (N,, O,, CO,.11,0) and inert
pascs. urban air contains many pollutants that come {fromhigh-temp crature
combustion reactions Wil othey anthropogenic sources.  Phetolytic and
gas-phase reactions transform these species further into a plethora of
atmospheric  constituents. Solar radiation drives much of the
noncquilibrium chemistry of the atmosphere through photochemically
initiated processes.  In the daytime, these photolytic reactions are very
important in forming highlyreactive radicals. The consequences of the
photochemical changes arc ultimately decided by the relative rates of
competing chemical kinetic reactions, many of which are very sensitive to
the air temperature. Most current models consider atmospheric chemistry
as a function of solar venithangle and the mean air temperature. An
interesting connection is the investigation of pollution chemistry as a
function of temperature variations about the mean temperature and the
long-range effects O rising mean temperature as indicated by the UHI
cffect.

We approached this problem in a three-stage cffort.Inthe first
phase. we compiled the database for the reaction nctwork from several
literature sources combined with data from our group. Special attention
was paid to temperature dependence and the coefficients, 4. 3 and € in the
Arrhenius equation of the gas-phasechemical rate coefficients

k= A-(17300)"exp(-C/7) . (17)
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‘1'able 1 givestheratio of therate coefficients at 7' : 318 K to those at 7'
: 278 K for a few sample reactions. Inthe second phase. our chemical
kinetics comnuter code was adavted to the problem at hand. This involved
primarily the addition of anadvection term.  The adapted code was
validated by comparing results with other models at a specific mean
temperature.  1n the third phase. we investigated the relative effects of
temperature Variations on the concentrations of pollutants using
temperature- dependent rate coefficients.

Table 1. Arthenius coefficients for sclected temperature-d ependent reactions

Reaction' A C gk Ref
1. 011- 1 CO »CO,+ 11 22x10" 80 104 a
2. 011 41LCO -> 1CO 411,0 3.0 00250 112 a
3. NO-1 NO, > NO 4 NO, (), 2.5%x 0™ 1230 174 b
4. 110 ,NO, 1 M -> HO.INO, 1M 1.3x 0™ 10418 112. b
5 N,O+ M - > NO,1NO;+ M 1.6x 0" 10655 124. b
6. OCL')-1 C1L,C 10 -> C1L;¢0 1 011 1.2x o' 986 1.56 b
7. CHLCO,NO, ) CILCO.+ N(), 1.9x 00 " 13543 458. b
8. C1LO -1 O, > HOHO 400, ox 10713000 .80 b
9. O - CHI,CI - ) Products  1.2x10" 1650 2,11 ¢
10. 011-1 ("111'2111 -> Products 7.8 x10™" 1300 1.80 ¢

“Prasadand 1 luntress (1 980)
M Atkinson and 1 .loyd (1 984)
9 Nelson ef al. (1993)

In these reactions h4 indicates a catalystwhich canbeany neutral
air molecule. Theinvestigation of the effects of temperature Variations on
urban air pollutants yields two important results: (1) Changes of the rate
coefficients for many air rcactions throughout the range 278 <7 <318 K
show large variations. e.g. rcaction8changesby a factor Of 1.80. reacti on
4 byafactorof 112. and reaction 5 by a factorof 124. (2) The
investigati on Of the relative cffects of temperature variations onthe
concentrations of atmospheric pollutants has shown that temperature
variations arc significant in the atmospheric chemistry of urban
environments, particularly for the important minor constituent, ozonc.In

"M is any neutral air molecule. The cocflicient 8 in the Arrhenius equation is zero for the reactions listed nere.
Reaction7 (peroxyacetylnitrate, or I’AN) dissociates thermally.
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the USA, the Environmental Protection Agency (FPA) has established air
cleanliness guidelines for ozone concentrations. At 80x 10” parts of ozone
in citv air an ozone advisorv is issued with supgestions for curbing the

bulidup oi vzonc. 17 1201 67 par 5 0f Oaone arcicathicd. @i alitisissucd.
1 f anurban area has four ozone alertsin athree-vear period. it is labeled
a non-attainment city and the I'PA enforces strict air quality controls.
Some important rate coefficients for the productionand destruction
of ozone are presented in Fig. 1. Ozone concentration increascs by about
6% for a diurnal temperature increase of 1 0°C. This small relative change
means that interpretations of the absolute mecasurements of ozone
concentrations must be normalized with respect to the air temperature.

0.5 T T T 0.5 R T T 2010 4 T
aj b) <)
//

2 ¥ //// H
= ol 4 <ol 10
= : = T 1 =
- 7 - o o

— -
-0.5LL i 1 1 -0.5L1 L ) 1 0 1 i =

kL ™0 x0 Jle w0 o e 310 0 ™ 300 e

Tempersture {K] Tewmperature (K| Temperature [K]

Figure 11 Change of rate cocificients refative 1o 298 1 (the usually assunied tuean

temperature) through the temperature range 278 - 318 K. for the reactions
(a) CHLO < O, -> HCHO + HO,, (b) OCP) + CH,CHO -

and (¢) N,O, + M -> NO, - NO, + M.

Ozone chemistry in the troposphere:

Production:

Net:

Destruction: O,

Net:

NQO, - hv ->» O+ NO

0 40, «M->0,+M

011-1 CO > 11 4 CO.
H+40, M > HO.+M
110,4NO ->011"- NO.
CO 420, 1 hv -> CO, 7 O

hv > O(D) 4 O.('A)
O('1M +1L0 > O+ 011
1102-1 O, - > OH - 20,
o= (0 -=> 11 +CO.

HA4 O,4 M > 1O, + M

(O +0O4hv - CO, 10,

» C1L,CO + OH,

(7.< 400" nm)

(7. <400 nm)
(7. < 310 nmm)

(A< 310nm)

The more UV (A < 310 nm) is blocked. the fess O, is destroyed.
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5.6 Combined hydrodyna mic,r adiation,and chemical modecl

The U dome is a volume of air with a height of a few hundred meters
over a Citv. in the casc of Phocnix. Arizona, for example. the Salt River
Project (SRP) used a varicty of methods to monitor the long-term heat
island effects. They included a network of ground-based sensors. which arc
real-lime weather monitoring stations that communicate by microwave. and
in situ measurements from aircraft and weather balloons for determining
vertical profiles over the city and surrounding desert (a three-dimensional
databasc). In the summer of 1990, the Southwest Area Monsoon Program
was conducted. 11 consisted of 1'-3 aircraft carrying meteorological
mstruments that collected data over the Phoenix arca. Remote sensing was
also used by SRI’. 1 lip,h-resolution IR satellite images obtained by NOAA
were incorporated into the ground-based anti in situ database. 110w ever.
(difficulties aroscincorrclating the IR ‘skin’ temperature from the satellite
images with meteorological quantities (see also Std. 4 above).

To evaluate databases describing such heat island domes, a three-
dimensional, time-dependent model is needed for the temperature profile
above the city and the air now around the (Jill.  Energy balance models
alone cannot account for advecti on and mixing, momentum transfer or wind
vJseity perturbations. Purely dynamic models cannot investigale the
radiative effccts on chemistry and the IR trapping of radiation by pollutants
and acrosols.  Therefore, dynamical considerations must be coupled with
radiative energy balance. Such a modcl must simulate the transport of
visible solar radiation through the atmosphere, its reflectionand absorption
on the ground, the conduction and storage of heat in the ground. the
emission of IR radiation from the ground (including active and passive
anthropogenic sources), and the IR radiative transfer through the atmosphere
including the heating of the atmosphere. It must also include advective and
convective dynamics andallow for feedback of’ increasing uwrban
temperatures on chemical reactions that produce smog, ozone, and other air
pollutants. 1t mustinclude state-of-the-art radiative transfer and analytical
and numerical solutions to the eguations of dynamics and thermodynamics.
The effects of clouds and humidity must be included.  Figure 2
schematically presents such a modcl.

While air pollutants and acrosols have no direct influence on
advection and convection (since they arc only minor constituents of the
atmosphere), they cantrap IR radiation which increases the air temperature.
The temperature profile with atitude depends on convection and radiative
heating, bothin turn depend on the temperature gradient. 1R radiation
trapping is particularly cffective whenan inversion layer exists. The
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increase inair temperature  enhances chemicalreactions, producing more air
pollution. This reinforcing cycle willnot continue ad infinitum. cventually
conditions will he reached where the inversion laver is destroyed.
difficult.

The surface (ground plus structures ) boundary condition is
determined from the power balance of’ solar radiation reaching the surface.
conductioninto the surface. heat storage below the surface, and re-emission
from the surface. The cocfficients for a bedo. 1 R emissivity, heat capacity.
and conduction play a major role m this determination. Parameter ized
values of active anthropogenic heat sources arcaddedto the boundary
conditions.  The boundary condition calculation can be treated as an
independent problem with mput (solar radiation ) and output (heat and
reflected radiation ). The heat dome model can be used to compare the
effects of changing anthropogenic boundary conditions and thus becomes
atool for potential counter measures 01’ Ul 11 and air pollution.
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6. Urban planning

Muchcan be done 1o wednge the U offeet - Taaetive anthrana oenie heat
sources canbereducedby increasing the surface albedo. i .c. the ratio of
reflected to incident sunlight,  Light-reflecting roofs arc particularly
effective. h4c(litcrr:l)lcall-style buildings use light colorstoreflect sunlight.
over-hanging roofs shield walls andreflect more sunlight back into space.
Also streets and parking lots can be builtto beless heat absorbing. Multi-
leveled parking garagesreduce the fraction of sunlit surface arca per
parking space. Airports arc notorious hcatislands. Aprons, runways, and
roofs of buildings should be light incolor. Areas betweenrunways should
not be paved With black. hecat absorbing materials. Railroad cars can be
{itted with light-reflecting roofs.

Improved insulation of surfaces reduces heat conductioninto the
interior of structures or into the ground. When combined with materials of
reduced heat capacity. storage ol’beat can be greatly reduced. Heat storage
is the main factor of incrcascd minimum temperaturesatnight, which is a
major contributor to the increasing beat island effect. increasing the area
of radiating surfaces also rcduces heal storage. Overhanging roofs and
shaped surfaces that conductheat from a sun- exposed side to a shady side
can be very cffective inreaucing the Ul eifect.

Iixpansion of a city perpendicularto the direction 0of predominant
winds readily permits heatand chemical air pollution tobe dispersed.
Industrial zones should be built on the down wind side of a city. Large,
rapidly expanding cities should take advantage of terrain and consist of a
main city with well-separated satellite communities. 'The satellite cities can
be connected with rapid-transit systems through zones of vegetation to
allow for the cooling effects of cvapo-transpi ration.

7. ‘1’ epics of future research

Areas thatnced more work are the modeling of surface roughness, beat
capacity, and relative humidity of cities, cstimating passive and active
anthropogenic heat sources, andincluding cff.eels of clouds, pollutants, and
aerosols inradiative transfer. I'ncrgy flux balance models alonec cannot
account for advectionand mixing, momentum transfer. m wind velocity
perturbations. The increase in air conditionin g in the southwest of the USA
since the time of Myrup’s (] 969) study justifies a re-cvaluation of his
results that internal (active anthropogenic) heat sources arc unimportant.
Spclman (1969) found that surface heating is more important than surface
roughness, but that surface roughness becomes increasingly more important
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as the wind sped incrcases above 5 m /s . Radiative effects 01’ urban
polhutants will introduce cooling by day and heating by night and will
chanoe the form of the heatine function as assumed by Richiardone and
Brusasca (1 989), forexample. Because anincrease in acrosols could ca use
cooling or heating of the surface and of the carth - atmosphere system. we
believe that this is an area that is ripe for further investigation. For this
purpose, absorption and scatiering characteristics of aerosols have been
studied recently [cf. Ohtaeral. (1 990) Goodwin and Mitchner ( 1 986)
Andreyev (1 987) 1 litzenberger and Rizzi (1980)].
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